Background: Exercise-induced pulmonary haemorrhage (EIPH) is considered a progressive disease based on histopathology, but it is unknown if tracheobronchoscopic EIPH severity worsens over time. Objectives: The aim of this study was to examine tracheobronchoscopic EIPH changes over time in a population of Thoroughbred racehorses. A secondary aim was to identify factors that affect changes in tracheobronchoscopic EIPH severity between observations. Study design: Prospective, longitudinal, observational cross-sectional study. Methods: Thoroughbred racehorses were examined with tracheobronchoscopy no earlier than 30 min after racing. Examinations were recorded and graded blindly by experienced veterinarians using a 0-4 scale. Horses with 2 or more observations were included in the analysis. The association between the previous and current EIPH score was investigated using a linear mixed effect model. Factors associated with transitioning from a lower to a high EIPH grade and vice versa were examined using multiple ordinal regression. A semi-parametric regression model was used to examine progression using the number of career starts as a marker for time. Models were adjusted for potential confounding variables. Results: There were 2974 tracheobronchoscopic examinations performed on 747 horses. Blood was detected in over half of all examinations (55.6%). The population prevalence of EIPH increased as the number of examinations for each horse increased. The preceding EIPH score was significantly associated with the current EIPH score. Significant variables associated with moving between EIPH grades were the number of days since last racing, ambient temperature and weight carried. Tracheobronchoscopic EIPH is mildly progressive over the first thirty career starts. Main limitations: Enrolment was voluntary. Horses were not followed for their entire career. Conclusion: Limiting the number of days in the current racing preparation and spacing races for horses with moderate to severe EIPH may be beneficial for reducing tracheobronchoscopic EIPH severity. The association between ambient temperature and EIPH warrants further investigation.
Introduction
Exercise-induced pulmonary haemorrhage (EIPH) is a highly prevalent disease of racehorses; significant due to associations with inferior race day performance [1, 2] , potential regulatory implications [3] , as well as horse welfare and safety concerns [4] . The prognosis for clinically significant EIPH is considered guarded due to the likelihood of disease progression, but the prognosis for worsening of EIPH, based on tracheobronchoscopy, is unknown [5] . Histopathological pulmonary lesions in horses with EIPH suggest the disease is progressive and irreversible [6, 7] . Accumulated racing activity (increasing age and lifetime starts) has been associated with a higher incidence of epistaxis and EIPH, also supporting a progressive disease process [8] [9] [10] . It would be reasonable to conclude that if tracheobronchoscopic EIPH worsens with increased racing, a one-off diagnosis of EIPH should impact career performance; but recent research questions this [11] . And others suggest that career longevity is not adversely affected by EIPH [12] .
Tracheobronchoscopic studies examining disease changes over time are not available. Two studies have demonstrated moderate agreement between detecting tracheobronchoscopic EIPH on two occasions, but did not elaborate on severity [13, 14] . Other studies report increased disease prevalence with repeated observations, but apart from anecdotal comments that EIPH severity is unpredictable, further statistical analysis was not performed [12, 15, 16] .
The aim of this study was to examine tracheobronchoscopic EIPH changes over time in a population of Thoroughbred racehorses. A secondary aim was to identify variables that affect changes in tracheobronchoscopic EIPH severity between races. Our hypothesis was that EIPH presence and severity would increase with repeated observations over the study period. We further hypothesised that a break of more than 60 days between races would reduce EIPH severity.
Materials and methods

Study design
A prospective, observational, longitudinal study design was used to examine a population of Thoroughbreds racing at two metropolitan and one provincial racecourse in Western Australia between May 2012 and April 2013, and between July 2014 and December 2015.
Horses
Information regarding the study was promoted to racing participants through radio interviews, advertising in the racing calendar, presentations, and postal and direct communication on race day. Enrolment was voluntary, and trainers could enrol horses at their discretion. Trainers were encouraged to enrol all horses in their care to limit bias. Any horse racing on the day of examination was eligible to be enrolled. Horses were enrolled prior to racing and must have finished the race to be examined.
All races were conducted on a flat turf surface. Pre-race administration of any medication is prohibited [3] . Horses were presented to a designated location on course for tracheobronchoscopy. Examination occurred no earlier than 30 min and no later than 220 min after racing. A 1.5 metre endoscope (AOHUA model LG-200) was passed through the nares into the trachea to the carina. A video recording of each examination was collected. The time at examination and if epistaxis was present were recorded. Horses with two or more observations were included in the study. Horses were not examined after every race start or for the entire study period due to retirement, periods of extended convalescence, ownership or trainer changes or did not race at racecourses where examinations were occurring.
Detections and quantification of EIPH
Two experienced veterinarians, blinded to the identity and performance of the horse, independently reviewed the tracheobronchoscopic video recordings. A previously described 0-4 graded scoring system was used [17] . Briefly, grade 0 is assigned to cases where no blood is observed in the trachea or nasopharynx; grade 1 has ≥1 blood specks or ≤2 short (<¼ trachea length) and narrow (<10% of the tracheal surface area) streams of blood; grade 2 is a single long stream of blood (>½ tracheal length) or >2 short streams of blood occupying <⅓ of the tracheal circumference; grade 3 is multiple, distinct streams of blood covering more >⅓ of the tracheal circumference, but without blood pooling at the thoracic inlet; and grade 4 is multiple, coalescing streams of blood covering >90% of the tracheal surface, with blood pooling at the thoracic inlet. If there were discrepancy between the primary reviewers' score, a third experienced veterinarian independently and blindly reviewed and graded the examination. The median score was adopted for statistical analyses.
Racing variables
Racing records were retrieved from a public database maintained by the racing regulator.
a Variables captured at each observation included the number of career race starts, age, sex, the number of days and races in the current racing preparation, the number of days since the horses' last race start, weight carried, race distance and nonstandard shoes (yes/no). A horse's race career was divided into racing preparations; training without reaching the races for the purpose of this study was not considered a racing preparation. More than 60 days between two consecutive races was considered indicative of a break in training, denoting the end of one racing preparation, and the commencement of the next racing preparation Race-day performance variables were not included in analyses. Climatic variables were obtained from the Australian Bureau of Meteorology b using the closest weather station recording apparent temperature at the nearest time point to race start time.
Data analysis
The number of days and the number of races in the current racing preparation were highly correlated, as was age and the number of career race starts. The number of days in the current racing preparation and the number of career race starts were used in the analysis.
The association between the current and the preceding EIPH score was investigated using a linear mixed effects model. The Imer function of the Imer4 [18] package in R c was used to assess the strength of the relationship between the two EIPH scores (0-4). Potential regressor variables that could affect the current EIPH score were included as fixed factors in the model. These included ambient temperature, number of days since the last race start, sex, weight carried, number of days in the current racing preparation, the number of career starts and race distance. A random intercept was included to account for the repeated sampling of horses. Model selection when including or removing regressor variables was performed using the ANOVA function in R c . The regressor variable with the highest P-value was removed from the model in a stepwise manner. Significance was based on a P-value ≤0.05.
In a second model, designed to establish which regressor variables were related to changes in EIPH, variables were modelled using multiple ordinal regressions with a random effect term for each horse. EIPH was categorised according to severity: no or mild EIPH (grade ≤1); moderate (grade 2); and severe EIPH (grade ≥3). These multiple ordinal regressions essentially model the observed sequence of EIPH scores for each horse as a time inhomogeneous Markov chain, where the EIPH score to which a horse transitions to at their next observation depends only on the current score; however the probability of transitioning between scores differs as they depend on regressor variables. To achieve this, all ordinal regressions used the same set of regressor variables, but the regression parameters were allowed to differ based on the EIPH score the horse was transitioning out of. This was to ascertain whether a regressor variable had a notable change in behaviour between EIPH scores. For example, the model allows the effect of temperature on EIPH at the next time point to vary based upon the current EIPH score. The effect of temperature on a horse that had previously EIPH≤1 can be different to the effect on a horse that had previously EIPH≥3. Significance was based on a P-value ≤0.05. An additional longitudinal analysis was also performed using a semi-parametric approach to fit a smooth curve, namely a spline, using the number of career starts as a marker for time. At each observation, fixed effects including ambient temperature, race distance, weight carried, the number of days in the current racing preparation, the number of races between examinations and the number of days since last racing were incorporated into the model. A horse specific intercept and slope was included to permit the spline to vary slightly between horses. This semi-parametric model was fitted using the Stan probabilistic programming language and its interface to R, Rstan d [19] . The shape of the mean population spline over time was examined to assess disease progression. The population mean response represents the average horse racing in average conditions with average other covariate values.
Underlying distributional assumptions for normality and homogeneity of residuals were checked using QQ and residual plots. Maximum likelihood mean estimates and 95% confidence intervals were obtained for the effect sizes of the lagged EIPH score and other confounding variables included in the models. Significance was based on a p-value ≤0.05 and data analysed using the R e environment for statistical computing.
Results
There were 2974 tracheobronchoscopic examinations performed on 747 horses (number of examinations range 2-19; median 3; IQR 2,5) ( Table 1) . There were 129 trainers that enrolled between 1 and 89 horses (median 5). There were 272 females, 457 geldings and 18 entire males. At the first observation, age ranged between 2 and 10 years (median 4), and the number of career race starts ranged from 1 to 93 (median 8). Sixty-eight horses were examined at their first race start (age 2-4 years) and 177 horses had an examination performed during their first racing preparation. The number of races between examinations ranged from 0 to 36 (median 0; IQR 0, 2). When examinations were performed after sequential race starts, the number of days between examinations ranged from 3 to 511 (median 14; IQR 1321, number of observations 1747; n = 471). There was no significant difference between the number of tracheobronchoscopic examinations performed on horses diagnosed as EIPH positive or EIPH negative at their first observation. Blood was detected in over half of all observations (55.6%; 1655 observations). Of the total observations 44.4%, 32.4%, 17.7%, 4.5% and 1.0% were graded 0-4 respectively. All horses that had 7 or more observations (n = 107) had EIPH diagnosed at least once. Horses that had three, four, five or six observations, 72.5%, 85.4%, 92.1% and 96.2% respectively, had EIPH detected at least once. Of the horses that had grade 4 EIPH recorded (n = 25), 17 were re-examined on at least one occasion. There was variability in EIPH severity from one observation to the next (Fig 1) . Horses previously diagnosed as grade 4 EIPH, 11.1%, 33.3%, 27.8%, 22.2% and 5.6% were diagnosed with EIPH grade 0-4 respectively, at their next observation. Whereas, horses previously diagnosed EIPH grade 0, the majority (59%) remained EIPH grade 0 at their next observation.
The preceding EIPH score was significantly (P<0.0001) associated with the current score ( Table 2) . A direct and positive association (P<0.0001) was present between the number days in the current racing preparation and the EIPH score. Ambient temperature was inversely and significantly (P<0.0001) associated with the EIPH score.
Significant variables associated with moving between EIPH categories (EIPH≤1 EIPH 2; EIPH≥3) included the number of days since last racing, ambient temperature and weight carried (Table 3 ). For horses with previous severe EIPH (grade ≥3), or moderate EIPH (grade 2), the number of days since their last race had the largest estimated effect (coefficient À0.39; 95% CI À0.81, À0.01 and coefficient À0.28 95% CI À0.58, À0.0004 respectively), implying that increasing the number of days between races was more likely to result in transition to a lower EIPH grade at the next observation. For horses with previously no or mild EIPH (grade ≤1), ambient temperature had the next largest effect size (coefficient À0.25, 95% CI À0.41, À0.09), implying that horses with EIPH≤1 were more likely to move to higher grades of EIPH when racing at a lower ambient temperature. For horses previously with EIPH≤1 reducing the weight carried in the race was associated with a transition to a higher EIPH grade at the next observation (coefficient À0.16; 95% CI À0.31, À0.005).
The mean population spline indicates tracheobronchoscopic EIPH mildly progressed in severity (Fig 2) . The study population mean increases over the first 30 career starts after which the spline plateaued. Beyond approximately 35 career race starts, sparse data leads to considerable uncertainty in estimating progression. Significant fixed effects in this model included ambient temperature and the number of days in this racing preparation (Table 4) .
There were 147 horses with examinations performed after sequential race starts that were separated by more than 60 days. The number of days between observations varied from 61 to 511 days (median 140). The duration of time between racing preparations was not significantly associated with the current EIPH score (P = 0.07). The preceding EIPH score was significantly associated with the current EIPH score (P<0.0001). There was a significant inverse relationship between the current EIPH score and ambient temperature (P = 0.001).
Discussion
This is the first study to document tracheobronchoscopic EIPH changes over time in a large number of horses, conducted prospectively under race conditions. The current EIPH score is associated with the previous observation, but this does not mean that EIPH scores remain the same from one race start to the next. This study is in agreement with others that tracheobronchoscopic EIPH severity can vary between races [12, 15, 16] .
Increasing the number of days between races for horses previously with moderate (grade 2) or severe (grade ≥3) EIPH was more likely to be associated with a transition to a lower grade. Autologous blood instillation in the respiratory tract evokes a mild inflammatory response [20] , and EIPH has been associated with pro-inflammatory markers and increased nucleated cell counts in bronchoalveolar lavage (BAL) fluid [21, 22] . If the inflammatory response to EIPH perpetuates the disease, increasing the time between races may allow this response to dissipate or reduce, decreasing EIPH severity at the next race start. The role of airway inflammation in perpetuating EIPH is controversial [23] . Some investigators have reported no association between haemosiderophages and neutrophil counts in BAL fluid or tracheal aspirates, and no association between EIPH and clinical signs of inflammatory airway disease, such as coughing or tracheal mucus [9, [24] [25] [26] [27] [28] . The pulmonary pathology associated with EIPH is not driven by the repeated physical presence of blood in the airway [29] . Rather they are likely determined by changes in the interstitium and the vasculature. Recently, regions of pulmonary interstitial oedema have been described in horses with EIPH [30] . Associated with areas of extensive venous remodelling and fibrosis, the interstitial oedema was suggested to be a sequel to the initial lesion of vascular remodelling and haemorrhage. Perhaps lengthening the time between races is beneficial for allowing the pulmonary interstitium to resolve oedema and undergo fibrosis, a process that may assist to maintain the integrity of the lung to withstand hypertensive episodes in the future.
An inverse relationship between ambient temperature and EIPH has been identified in multiple studies [9, 10, 31] . Ambient temperature was a persistently significant variable throughout these analyses; associated with the current EIPH score, the transition from a lower to a higher EIPH score and progression modelling. Strenuous exercise in cold conditions is associated with chronic airway inflammation and bronchial hyperactivity in human athletes [32] and a similar response has been documented in equine athletes [33, 34] . In addition, cold-induced pulmonary hypertension has been reported in calves exposed to cold temperatures (3-5°C), and in sheep and rats [35] [36] [37] . We are not aware of a comparable study in horses exposed to cold temperatures but a similar mechanism could plausibly affect EIPH severity.
Decreasing the amount of weight carried in a race for horses previously diagnosed with EIPH≤1 was more likely to be associated with a transition to higher EIPH grades. The basis for this finding is unknown. The allocation of weight is to ensure racing is competitive. Horses that move up to a higher class of race will be allotted a lower weight to equalise their chance of winning against a better field of competitors. Weight is negatively correlated with speed [38] . Average race speed or race time has not been associated with EIPH, but average race speed in sections of the race has [1, 31] . A faster early/mid average race speed has been identified in horses with severe (≥3) EIPH, and horses with EIPH grades 1 and 2 are more likely to overtake competitors in the final 400 metres of the race compared to horses without EIPH [1] . Rapid acceleration causes higher pulmonary vascular pressures compared to an incremental increase to the same speed [39] . A reduction in weight, coupled with a higher standard of competitors, may result in increased speed or faster acceleration and that could increase the likelihood of EIPH. This study is in agreement with other surveys of Standardbred and Thoroughbred racehorses where increased post race tracheobronchoscopic scrutiny increases the population prevalence of disease [16, 31] .
Pulmonary changes associated with EIPH have been described as permanent and progressive, characterised by fibrosis, bronchial neovascularisation and haemosiderophage accumulation [40] . More recently, remodelling of the small pulmonary veins has been reported as a characteristic lesion accompanying haemosiderophages and interstitial fibrosis [6] . High vascular pressures and blood flow during exercise likely underpin this remodelling process [30] , a process that has been documented in young, unraced Thoroughbreds in training [41] . These pathological changes are likely progressive with continued racing. Single point observations have reported an association between EIPH and a cumulative racing measure, lifetime starts [9, 10] . In this study, inclusion of specific shorter-term cumulative measures such as, the number of days in the current racing preparation were significantly associated with the EIPH score and progression modelling. This suggests that racing intensity even within a racing preparation can affect EIPH severity.
The large number of confounding variables inherent in racing, and irregularly spaced observations complicates longitudinal analysis compared to single point observations. A semi-parametric approach to disease progression was used to provide a more flexible population mean structure than conventional regression. Using this approach, the population mean tracheobronchoscopic EIPH score mildly increased over the first thirty race starts, after which the disease severity plateaued. We expected to identify a stronger positive association between EIPH severity and progression over time. The association between tracheobronchoscopic EIPH score and pulmonary histological changes has not been substantiated. It is possible that tracheobronchoscopic EIPH severity is not an accurate marker of pulmonary disease or progression.
There are logistical challenges in following every horse for every race start, notwithstanding change of trainer or ownership over the study period, and racing at multiple venues across a large geographical area. As a result, a limitation of this study is that not all horses were examined after every race start, or for the entire study period. Furthermore, the study period does not necessarily encapsulate a horses' entire career. Another limitation of this study is enrollment. Voluntary enrollment is inherently biased as owners and trainers can permit access to certain horses and not others. Participating in this study did not disadvantage trainers or owners. There are no regulatory implications for tracheobronchoscopic EIPH. Horses with bilateral epistaxis are subjected to regulatory bans [3] .
Trainers were aware of endoscopy results at the time of the examination. Initiated treatments, such as the administration of furosemide during training, or changes to the training or racing regime could have altered the disease course. This population does not receive any pre-race medication. Currently, there is no evidence to support or refute the efficacy of furosemide in training for reducing or preventing race-day EIPH.
We report that the tracheobronchoscopic EIPH score can vary from one race start to the next. Factors associated with moving from a lower to a higher EIPH score include lower ambient temperature and reduced weight carried. The number of days between race starts is associated with movement from a higher to a lower EIPH score. Limiting the number of days in the current racing preparation and spacing races for horses with moderate to severe EIPH may be beneficial for reducing tracheobronchoscopic severity. The role ambient temperature plays in the pathogenesis of EIPH warrants further investigation. Career starts EIPH score 
